Abstract. The hypothesis that thyroid calorigenesis is mediated by stimulation of active Na+ transport was tested by measuring the Qo, of liver slices and skeletal muscle (diaphragm) from thyroxine-and triiodothyronine-injected thyroidectomized and normal rats in media fortified with ouabain (10-3 M) and/ or free of Na+ or K+. In both tissues, more than 90% of the increase in QO, produced by injections of thyroid hormone in euthyroid rats was derived from increased energy utilization by the Na+ pump. In triiodothyronine-treated thyroidectomized rats, activation of Na+ transport accounted for 90% or more of the increment in Qo, in liver and 40% or more of the increment in diaphragm.
Intracellular Na+, K+, and Cl-concentrations were measured in euthyroid and hyperthyroid liver and diaphragm. The transmembrane Na+ and K+ concentration differences were significantly increased in both tissues by the administration of triiodothyronine. These results indicate that thyroid hormone activates Na+ extrusion and K+ accumulation either by increasing the local concentration of ATP or by direct stimulation of the Na+ pump.
In homoiothermic vertebrates, thyroid hormones [thyroxine (T4) and triiodothyronine (T3) ] regulate oxygen consumption (Qoj), which is the primary determinant of heat production. This effect in adult animals is exerted on virtually all tissues, with the exception of brain, spleen, smooth muscle, and gonads, and is preserved in vitro.1-5 That hormonal augmentation of respiration under physiological conditions results from uncoupling of mitochondrial oxidative phosphorylation has been contradicted by the available evidence.4-7 Short of severe thyrotoxicosis, mitochondria from hyperthyroid homoiotherms have higher respiratory and phosphorylative activity than those from euthyroid controls, but the same levels of respiratory control.
Tata8 has summarized the evidence that induction of RNA and protein synthesis mediates the action of thyroid hormones during the anabolic phase of the response. Associated with the induction of protein synthesis is an increase in the number and size of mitochondria in skeletal muscle. However, the calorigenic action of thyroid hormone cannot be explained by an increase in the number and respiratory capacity of the mitochondria of target tissues, since in the coupled state the local concentration of phosphate acceptor (ADP) will determine the PHYSIOLOGY: ISMAIL-BEiG1 AND EDELMAN PROC. N. A. S. of the increase in Qo2, an increase in mitochondrial production of ATP cannot be sustained without a corresponding increase in ATP utilization. The inference that release of ADP mediates the effect on metabolism implies hormonal activation of one or more of the energy-using processes (for example, contraction, transport), thereby maintaining a higher rate of cycling of ADP --ATP --ADP.
Induction of an activator or component of one of the ATP-utilizing processes presumably results in a sustained increase in Qo,. The requirements for the hypothetical endergonic process as the site of the calorigenic effect are twofold:
(1) the process should be common to all of the target cells, and (2) the process must have the capacity to use ATP at a rate that is sufficient to account for the effect of the hormone on respiration. One process that meets these requirements is transmembrane active Na+ transport. We therefore tested the hypothesis that activation of Na+ transport mediates the calorigenic action of thyroid hormone. The dependence of the thyroid-induced increment in Qo, on active Na+ transport and the accompanying changes in intracellular ion composition were measured. Md.) and Qo, was measured in 30-min intervals as described previously.9 Oua- bain, a specific inhibitor of (Na+ + K+)-ATPase, was used to inhibit the Na+ pump.10 Ouabain has no direct effect on respiration of isolated mitochondria."' In a preliminary dose-response study, Na+-dependent respiration was almost maximally depressed at 10- Na+ transport virtually eliminated the thyroxine-induced increase in respiration, as the differences in Qo, were small and not statistically significant in the presence of ouabain (7.5 ± 0.7-vs. 9.8 ± 1.4). Effect of ouabain on the response to triiodothyronine: To minimize the contribution of long-term, morphogenetic effects, we studied the dependence on Na+ transport of the response to the other principal thyroid hormone, Ts, over a 7-day period. Two sets of experiments were completed: (1) hypothyroid rats (body weight 230 g), 1 month after thyroidectomy, were either injected intraperitoneally with 50 1Ag of T3 per 100 g body weight every other day for three doses (i.e., total dose = 150 ug/100 g), or were untreated for the same period.
(2) Paired normal rats (body weights -215 g) were injected with T3 according to the same schedule or untreated for the same period. Liver slices were prepared and Qo, was measured as described above. The dry weight of tissue in each flask was determined by-removing the slices, blotting briefly with filter paper and heating at 910C for 24 hr in tared aluminum cups. Table 2 shows that T3 produced a 100% increase in Qo, of liver slices from hypothyroid rats and a 63% increase in slices from euthyroid rats, and that both treated groups reached equivalent hyperthyroid levels. Concomitantly, (Qo)t increased by 330% in slices from the hypothyroid animals and by 170% in slices from euthyroid animals. As seen with T4, the T3-dependent increase in Qo. was abolished by ouabain both in hypothyroid and in euthyroid rats. Under these conditions, therefore, most of the T3-induced increase in Qo, is derived from an increase in the energy expended in active Na+ transport, provided that ouabain inhibited the Na+ pump selectively.
Effect of ouabain on Qo, in Na+-free media (liver slices): To assess the selectivity of the effect of ouabain on Qo,, we prepared liver slices from thyroidectomized and euthyroid rats either untreated or injected with T3, as described above. Rates of respiration were determined in Na+-free modified Ringer's solution by substituting isomolar concentrations of sucrose for the NaCl in the standard solution described above.
Addition of ouabain (10-i M) had no appreciable effect on Qo, in this system ( Table 2 ; means 4+ SE.
able to selective inhibition of Na+ transport. It is also noteworthy that the rates of respiration of tissues from untreated and T3-treated rats were about equal.
The absolute Qo2 values in the sucrose-Ringer's were significantly lower than the corresponding values in a Na+-Ringer's with ouabain (compare Table 2 ), presumably a secondary effect of either depletion of intracellular Na+ or intracellular penetration of sucrose.
Quantitative relationship between Qo, and (Qo,)t (liver): Quantitative estimates of the activity of Na+ transport as a metabolic pacemaker were calculated from the data in Table 2 Table 2 ; means i SE.
had no detectable effect on Qo, of hypothyroid or euthyroid diaphragm whether untreated or after treatment with T3. As an additional control the thyroidectomized untreated rats were injected with diluent on the same schedule as the T3-treated animals. As with the liver slices, therefore, the inhibitory effect of ouabain on diaphragm is attributable to selective inhibition of active Na+ transport. Moreover, the rates of respiration of diaphragm from untreated and T3-treated euthyroid rats were the same (i.e., 5.6 h 0.2 vs. 5.7 4 0.3) in Na+-free media. T3-treated diaphragm from hypothyroid rats, however, maintained significantly higher rates of respiration than the untreated tissue.
Quantitative relationship between Qo, and (Qo2)t (diaphragm): The quantitative estimates of the contribution of Na+ transport to thyroid calorigenesis in skeletal muscle were calculated from the data in Table 4 . In hypothyroid rats, T3 increased the fraction of total Qo, devoted to Na+ transport from 0.19 to 0.29 and in euthyroid rats from 0.16 to 0.35. As a minimum, the metabolic demands of the Na+ pump accounted for 43% of the increment in Qo, in the transition from the hypothyroid to the euthyroid state and 91% of the increment in Qo, in the transition from the euthyroid to the hyperthyroid state. These results, therefore, confirm the mediating role of transmembrane Na+ transport in thyroid calorigenesis. Effect of T3 on intracellular composition of liver: To elucidate the nature of thyroid stimulation of Na+ transport, we measured intracellular ion concentrations. Slices prepared from untreated and T3-treated euthyroid rats were incubated in standard media containing ["C ]inulin for 40 min at 370C. The slices were dried at 91'C for 24 hr, weighed, and extracted with 0.1 N HNO3 for 48 hr at 250C. The extracts were analyzed for 14C in a Packard liquid scintillation spectrometer,'4 for Na+ and K+ by atomic absorption spectrometry,'5 and for Cl-by potentiometric titration. 16 Table 6 shows that intracellular Na+ and Cl-concentrations were lower and establish that T3 significantly reduced the intracellular content of water, increased intracellular K+ concentration, and lowered the Na+/K+ ratio. The effects noted in both liver and skeletal muscle are indicative of a sustained increase in Na+ transport activity and a consequent increase in the steady-state differences in transmembrane concentrations of Na+ and K+.
Discussion. The coupling between energy metabolism and active Na+ transport is a consequence of the energy dependence of the transport process. As emphasized by Whittam, 17 the magnitude of the energy demands of the Na + pump determines its importance as a metabolic pacemaker. In normal mammalian tissues, 20-45% of the resting Qo, is expended in transmembrane Na+ transport.17
In homoiothermic regulation of body temperature, therefore, the Na+ pump constitutes one of the primary heat sources. The significance of the Na+ pump as a heat source was recognized by Nissan et al.,18 who provided evidence that the hypermetabolism of dehydration was a direct consequence of stimulation of the Na+ pump because of the rise in extracellular Na+ concentration. Our results indicate that activation of the Na+ pump accounts for virtually all of the increase in Qo, in the transitions hypothyroid --euthyroid --. hyperthyroid states in liver and in the transition from the euthyroid to the hyperthyroid state in skeletal muscle. In addition, activation of the Na+ pump accounts for more than 40% of the increase in respiration in the transition from the hypothyroid to the euthyroid state in skeletal muscle.
Whittam and Blond'9 concluded that the Na+ pump regulates mitochondrial Qo1 in proportion to the rate of generation of ADP. The increase in the oubaininhibitable fraction of Qo, implies coupled oxidative phosphorylation, as well as an increase in ADP release by the Na+ pump. Thus, at the dosages used in this study, our results indicate that thyroid hormones do not uncouple mitochondrial oxidative phosphorylation. In the uncoupled state, the fraction of the Qo, devoted to ATP-dependent cellular work should fall. If (Qo,)t is a constant index of ATP-dependent Na+ transport work, then uncoupling of oxidative phosphorylation should decrease the ratio (Qo2)t: Qo2. The results summarized above show that administration of T3 increased the fraction of (Qo2)t: Qo, by 150- 200% in both liver and skeletal muscle. In addition, the results summarized in Tables 6 and 7 indicate that thyroid hormone decreased the intracellular Na+/K+ ratio, which is contrary to the expected effects of uncoupling at the mitochondrial level.
Thyroid hormone-dependent activation of the Na+ pump could be a result of (1) a rise in intracellular Na+ concentration, perhaps as a result of increased membrane permeability to Na+ and consequent stimulation of the Na+ pump; (2) a change in the coupling ratio between the chemical reaction (i.e., ATP split) and transport work, such that the rate of ATP hydrolysis is increased for a given rate of Na+ transport. As a result there would be a fall in the transmembrane Na+ and K+ gradients; (3) activation of mitochondrial ATP synthesis, resulting in stimulation of the Na+ pump by a local increase in ATP concentration; (4) direct activation of the Na+ pump (e.g., synthesis of more transport units with a rise in Vm.x or a reduction in Km for ATP or intracellular Na+). The first two possibilities, as either the sole or the predominant mechanism of the mediating role of Na+ transport in thyroid calorigenesis, are excluded by the results in Tables 6 and 7 . These data are consistent with either mechanism 3 or 4, which should produce a lowered intracellular Na+/K+ ratio. Moreover, increased membrane potentials, and Na+ and K+ gradients, have been noted in mammalian tissues during growth and development (which requires normal thyroid function).20
The key to the mechanism of thryoid activation of Na+ transport and its role in calorigenesis may be contained in the findings of Valcana and Timiras,2' who studied the effects of hypothyroidism on the electrolyte content and (Na+ + K+)-activated ATPase activity in the brain of the neonatal rat. In contrast to the mature animal, the developing brain responds to thyroid hormone calorigenically as well as morphogenetically. Valcana and Timiras2 ' found that thyroid deprivation resulted in an increase in the Na+ and Cl-and a decrease in the K+ and Mg2+ content of the cerebral cortex and cerebellum. Moreover, the specific activity of the transport enzyme declined in proportion to the decline in the electrolyte gradients. Thus, thyroid activation of the transport enzyme may be directly involved in the metabolic response.
Our results also raise the possibility that regulation of the Na+ pump may contribute directly to changes in rates of metabolism in a variety of physiological states (e.g., adaptation to cold, fever, catecholamine release, etc.).
